ADDITIONAL INDEX WORDS. Lycopersicon esculentum, flowering, fruit number per cluster, mean fruit weight, fruit growth period, fruit production rate ABSTRACT. Determinations were made of the effect of mean daily temperature and cumulative daily light intensity related to planting date on fruiting behavior of greenhouse-grown tomato (Lycopersicon esculentum Mill.). Time to first flowering (FT), flower bud number per cluster (BN/C), fruit number per cluster (FN/C), mean fruit weight, fruit growth period (FGP), and fruit production rate (FPR) in tomato were plotted against mean daily temperature (11 to 28 8C) and mean cumulative daily light intensity (2 to 8 MJÁm
ABSTRACT. Determinations were made of the effect of mean daily temperature and cumulative daily light intensity related to planting date on fruiting behavior of greenhouse-grown tomato (Lycopersicon esculentum Mill.). Time to first flowering (FT), flower bud number per cluster (BN/C), fruit number per cluster (FN/C), mean fruit weight, fruit growth period (FGP), and fruit production rate (FPR) in tomato were plotted against mean daily temperature (11 to 28 8C) and mean cumulative daily light intensity (2 to 8 MJÁm -2 Ád -1
) obtained from different planting dates. The FT was negatively related to mean daily temperature at any given mean cumulative daily light intensity. Mean cumulative daily light intensity had a negative sharp and slight curvilinear relationship to FT at lower and higher mean daily temperatures, respectively. At the highest cumulative daily light intensity, BN/C was the greatest at the lowest mean daily temperature, whereas at lower cumulative daily light intensities, BN/C was curvilinearly related to mean daily temperature with the optimum mean daily temperature for BN/C between 13 and 19 8C. Mean cumulative daily light intensity had a positive curvilinear relationship to BN/C at any given mean daily temperature. FN/C increased linearly with mean cumulative daily light intensity with a steeper slope at low mean daily temperatures. At each cumulative daily light intensity, FN/C declined curvilinearly with mean daily temperature. Mean fruit weight was curvilinearly related to mean daily temperature at all mean cumulative daily light intensities. Mean fruit weight was greatest at the highest mean cumulative daily light intensities. There was a curvilinear relationship between mean cumulative daily light intensity and FGP at all mean daily temperatures. The FGP increased curvilinearly as mean daily temperature and mean cumulative light intensity increased. There was a curvilinear increase in FPR with mean cumulative daily light intensity at any given mean daily temperatures. Mean daily temperature also had a curvilinear effect on FPR such that FPR increased up to 25 8C for the lowest cumulative daily light intensity and 22 8C for the highest cumulative daily light intensity and declined thereafter as mean daily temperature increased. Optimum mean daily temperatures for FPR declined as mean cumulative daily light intensity rose. It can be said that the relationships produced in this study can be incorporated into the climate control and fertigation programs of greenhouse tomatoes.
The rate of crop development governs crop duration, which is of considerable importance in determining crop yields (Ellis et al., 1990) . The rate of development of a plant is often sensitive to temperature and photoperiod (Atherton and Harris, 1986; Charles-Edwards et al., 1986; Ellis et al., 1990; Grimstad, 1995) . The results from both experimental and theoretical studies (Ellis et al., 1990; Gent, 1986; Gent and Ma, 2000; Hadley et al., 1983a Hadley et al., , 1983b Monteith, 1981; Pearson et al., 1994; Peet and Willits, 1991) indicate that high temperatures (above 22°C) generally reduce crop yields. This is because increasing temperatures generally shorten the duration for growth relatively more than it increases the rate of growth. Furthermore, high temperatures reduce the harvest index, the proportion of dry matter allocated to crop yield, fruit set, and the rate of leaf photosynthesis and increase flower bud formation and flower drop, leaf respiration, and stomata closure (Atherton and Harris, 1986; Ellis et al., 1990; Gent, 1988) .
The majority of previous quantitative studies on plant growth, development, and yield have emphasized modeling photosynthetic rates. These studies have provided an important basis for understanding the factors affecting crop photosynthesis, which in turn account for the majority of variation in yield increases. The aim of plant or crop models is to describe mathematically the increase of biomass in terms of fresh weight, dry weight, volume, diameter, and plant development, particularly with reference to flowering and fruit (Liebig, 1989) . Several models predict the assimilate production of tomato with reasonable accuracy (Acock, 1991; Acock et al., 1978; Bertin and Heuvelink, 1993; Charles-Edwards et al., 1986; Dan et al., 1993; DeKoning, 1994; Jones et al., 1991; Pearson, 1992; Picken et al., 1986; Schmidt, 2002) .
Regression models are useful management tools for production agriculture because they are relatively easy to develop and, if carefully defined under the prevailing environmental conditions, they can accurately forecast long-term crop responses (Jovanovic and Annandale, 2000; Krug, 1985; Rosati et al., 2002a Rosati et al., , 2002b . Moreover, plant simulation models have great potential use, but as yet few of them have left the research environment (Seligman, 1990) . However, models predicting the growth period for lettuce (Lactuca sativa L.) and cauliflower (Brassica oleracea L. var. botrytis L.) have been used by growers in the United Kingdom for the last 12 years (Pearson, 1992) .
To date, there has been a lack of research on the quantitative effect of a wide range of environmental factors on fruiting behavior of tomato. Hence, some developmental and yield responses to a wide range of temperature and light intensities obtained at different planting times were examined to determine the responses of these variables to mean daily temperature and cumulative daily light intensity.
Materials and Methods

CONTROLLING PLANT ENVIRONMENT.
A series of tomato development and fruiting experiments were conducted in a suite of controlled-mean daily temperature glasshouse compartments (size = 4 · 8 m) for 2 years. The inner six of an array of eight glasshouse compartments were used to provide a maximum set mean daily temperatures of 4, 10, 14, 18, 22, and 26°C in the first year of the experiment and 6, 8, 12, 16, 20, and 24°C in the second year. Mean daily temperature control in the compartments was adjusted to provide heat when the mean daily temperature in the compartment dropped below the set point and the vents were opened to cool the glasshouse compartments when mean daily temperature raised more than 4°C above the set temperature. These set temperatures resulted in the measured mean daily temperatures given in Table 1 . The measured mean daily temperatures were used in multiple regression analysis.
PLANT CULTIVATION. Seeds of the indeterminate tomato cultivar 'Counter' were sown in modular seed trays containing 228 cells (2 · 2 cm) filled with commercial peat-based compost (Fisons 2; Proculture Plants Ltd., Badsey-Evesham, UK). The seed trays were kept in a glasshouse compartment maintained at 22°C. After the seedlings emerged, the seed trays were placed in a different compartment with a mean daily temperature of 20°C. Sowing, transplanting, and planting dates for each experiment are given in Table 1 . Three different planting times were used in each year to create different natural mean cumulative daily light intensity conditions. Three weeks after emergence, plants were repotted into 15-cm-diameter plastic pots containing Fisons M2 commercial compost. After the plants reached the fifth true leaf stage, they were planted into Fisons Gro-Bags (Proculture Plants Ltd.) containing a peat compost, spaced at a distance of 50 cm between the rows and 35 cm within rows, giving a plant density of 6 plants/m 2 . Three seedlings were planted into each growbag. Twelve growbags and a total of 36 plants were placed into each growth compartment with different mean daily temperature for each planting time. Plants were grown as a single stem, trained vertically, and supported by strings. Side shoots of the plants were removed at weekly intervals. At the stage of fruit set, the plants were tapped every 3 d to aid pollination. Plants were irrigated on four occasions each day with a standard nutrient feed (Sangral SS 112; Sinclair Horticulture Ltd., Lincoln, UK), diluted to give a concentration of 0.2 gÁL -1 nitrogen, 0.2 gÁL -1 phosphorous, and 0.4 gÁL -1 potassium, to provide a conductivity of 1.6 dSÁm -1 and pH of 6.5 using a trickle irrigation system. MEAN CUMULATIVE DAILY LIGHT INTENSITY AND MEAN DAILY TEMPERATURE MEASUREMENTS. The mean daily temperature in each compartment was recorded at intervals of 15 min using a Combine data logger (Delta-T Devices Ltd., Cambridge, UK), and daily mean daily temperatures were determined over the average of these daily recordings and were regarded as actual daily mean daily temperatures in the compartments during the experimental period (Table 1) . In all regression analysis, data of mean daily temperature for each experiment were used. Mean daily temperature values used in the analysis were the actual mean daily temperatures rather than the set temperatures. Photosynthetically active radiation (PAR) was recorded using a tube and a KIPP solarimeter (Scecinz, Monteith, and Ds Santos, Harpenden, UK) located above the plants. The tube and KIPP solarimeters were connected to a data logger (SkyeModel 3; Delta-T Devices Ltd.). Mean cumulative daily light intensity data from the KIPP solarimeter recorded by means of a data logger were used as PAR for different parameters used in the analysis as mean cumulative daily light intensity averaged over each planting time (Table 1) . Because the three planting times were repeated in the second year, a total of 36 mean daily temperatures and 36 different mean cumulative daily light intensities were obtained. The six different growth compartments had different mean daily temperatures and different mean cumulative daily light intensities because of changing growth periods. Although mean cumulative daily light intensity values were different as a result of differing plant growth periods, they were similar to each other (Table 1) . Therefore, mean cumulative daily light intensity values calculated by taking the average of mean cumulative daily light intensities from different compartments for each planting time (six different mean cumulative daily light intensities for six different planting times) were used in multiple regression analysis (Table 1) . Moreover, two different mean daily temperature values (under 11°C) out of all the planting times of the study were excluded from the analysis because no growth was obtained at these mean daily temperatures. Therefore, 34 mean daily temperatures and 34 matching mean cumulative daily light intensity values were used in the analysis (Table 1) .
EQUATION DRIVING, EXPERIMENTAL DESIGN, AND DATA ANALYSIS. The experimental design was a randomized complete block with three replications and three plants in each replication (Table 1) . Data obtained from all the planting dates were gathered to carry out multiregression analysis. Mean daily temperature and mean cumulative daily light intensity were related to the following plant development variables: days to first flowering (FT), flower bud number per cluster (BN/C), fruit number per cluster (FN/C), mean fruit weight (MFW), fruit growth period (FGP), and fruit production rate [FPR (grams per day)]. Data were collected until all of the third cluster on the plants matured and were harvested. Ending time of the experiment was regarded as the time at which all the fruits of the third cluster on the plants matured and were harvested (Table 1) . Multiple regression analysis (forward selection method) was performed with Excel (Microsoft Corp., Redmond, WA) and PC-SAS (release 6.03; SAS Institute, Cary, NC) following the procedure of Gomez and Gomez (1984) . Curve fitting processes were continued until the least sum of squares of residuals was obtained.
All the equations were derived by plotting the data as mean values (34 mean daily temperature values for each parameter) derived from a total of nine plants (three replicate and three plants for each replicate) against the data sets of mean daily temperature and mean cumulative daily light intensity combined for all growing periods (Table 1) . To determine the most suitable equation, multiple regression analysis for all the variables used in the study was continued until the highest regression coefficient (r 2 ) with the least sum of squares for residuals were obtained. The three-dimensional graphs were drawn using Slide-Write Package Program 2.0 (Advanced Graphics Software, Carlsbad, CA). se ½8:92*** ½0:57*** ½0:0025*** ½0:107** r 2 ¼ 0:96 *** ð**: P < 0:01; ***: P < 0:001Þ:
Results and
Where SE represents standard errors of coefficients. As seen from Eq. [1], most of the variation (96%) in FT was explained by mean daily temperature and mean cumulative daily light intensity. This relationship incorporates both linear and curvilinear responses as well as complex interactions between mean daily temperature and mean cumulative daily light intensity. Figure 1 shows that FT was a negative linear and curvilinear function of mean daily temperature at both high and low mean cumulative daily light intensities, respectively. Mean cumulative daily light intensity also had a sharp and slight negative curvilinear effect on FT at low and high mean daily temperatures, respectively (Fig. 1) . In general, FT declined with increasing mean cumulative daily light intensity and mean daily temperature. FT was most responsive to mean cumulative daily light intensity (Fig. 1) . Therefore, FT declined much more sharply with mean cumulative daily light intensity compared with mean daily temperature (Fig. 1) . There was only a slight effect of mean daily temperature. FT decreased by 5 to 15 d as mean daily temperature increased from 11 to 28°C with a greater decrease at high mean cumulative daily light intensity. The highest FT (118 d) was obtained with low mean cumulative daily light intensity and low mean daily temperature (11°C). The lowest FT (39 d) was from the fruits of the plants grown with the highest mean cumulative daily light intensity and mean daily temperature (26°C).
The rate of crop development governs plant growth period, which is of considerable importance in determining crop yields (Ellis et al., 1990; Hadley et al., 1983b) . Moreover, studies on a number of crops have shown that low mean cumulative daily light intensity also considerably delays time to flowering (Atherton and Harris, 1986; Cockshull et al., 1992; Dileman and Heuvelink, 1992; Gent, 1986) . These results are in accordance with results from the present study. It was also reported that mean daily temperature affects times from sowing to flowering in three distinct ways: 1) there may be a specific cold-mean daily temperature hastening of flowering; 2) over a wide range of mean daily temperatures, time to first flowering declines with increasing mean daily temperature to an optimum at which flowering is most rapid; and 3) at supraoptimal (stressful) mean daily temperatures, flowering is progressively delayed as mean daily temperature increases (Roberts et al., 1985) .
BUD NUMBER PER CLUSTER. The regression equation with the lowest sum of squares of the residuals between mean BN/C and mean T (°C) and mean L (MJÁm
se½0:82*** ½1:41*** ½0:02*** ½0:21*** ½0:15*** ½0:004*** ½0:0006*** r 2 ¼ 0:93*** ð***: P < 0:001Þ:
Equation [2] explained a reasonably high proportion of variance. BN/C was most responsive to mean daily temperature (Fig. 2) . At low mean cumulative daily light intensity, a maximum bud number of eight was observed at 17°C with a decrease to 7.3 and 6.6 at the lowest and highest mean daily temperature. At high mean cumulative daily light intensities, BN/C declined approximately linearly with mean daily temperature from 12 buds at 11°C and 11 to seven buds at 28°C.
At any given mean daily temperature, BN/C increased curvilinearly with mean cumulative daily light intensity (Fig. 2) . Atherton and Harris (1986) stated that the ability of plants to maintain normal development of the flower buds appears to be related to the availability of assimilates. In winter, when assimilation rates are low, flower bud development is often poor. It was also reported that under limited mean cumulative daily light intensity conditions, flower bud occurrence of eggplant (Solanum melongena L.) is poor and this also results in high flower abortion as well as reduced flower bud occurrence through concentration of low assimilates (Gent, 1988; Passam and Khah, 1992) . It can also be seen from Eq.
[3] that both mean daily temperature and mean cumulative daily light intensity had a curvilinear and linear effect on FN/C, respectively, as well as an interactive effect on FN/C. In contrast to bud number, fruit number was more responsive to mean cumulative daily light intensity than to mean daily temperature (Fig. 3) . FN/C increased with mean cumulative daily light intensity from %4 to %10 fruit with a greater slope at low than high mean daily temperatures. Increasing mean daily temperature decreased fruit number curvilinearly from %10 to %7 under high mean cumulative daily light intensity. Under low mean cumulative daily light intensity, FN/C declined with a slight curvilinear slope.
The highest FN/C was obtained from the plants grown at lower mean daily temperatures with the highest mean cumulative daily light intensity, whereas the lowest FN/C was obtained at the highest mean daily temperature with the lowest mean cumulative daily light intensity. Several studies have shown that fruit number per cluster in tomato and per plant in some vegetable crops increases with increasing mean daily temperature up to an optimum depending on plant species and declines at higher mean daily temperatures (e.g., Aung, 1976; Calvert, 1972; Cockshull et al., 1992; DeKoning, 1994; Dorais et al., 1991; Gent, 1988; Passam and Khah, 1992; Pearson, 1992; Peet and Bartholemew, 1996) . Pearson (1992) also reported that fruit number per cluster in tomato was positively related to increasing mean cumulative daily light intensity. In addition to this, Dorais et al. (1991) se½51:20** ½2:54** ½25:53** ½0:01*** ½1:29*** ½2:67** ½0:13* r 2 ¼ 0:92*** ð*: P < 0:05; *: P < 0:01; ***: P < 0:001Þ:
It can be seen from Eq.
[4], mean daily temperature and mean cumulative daily light intensity had a curvilinear effect on MFW as well as their interactive effect on MFW. Eq. [4] had a high degree of determination (92%) and can be used to predict MFW from mean daily temperature and mean cumulative daily light intensity. Mean fruit weight decreased with mean daily temperature and increased with mean cumulative daily light intensity to a plateau of %90 g at 6 to 8 MJÁm -2 Ád -1 and 12 to 15°C. The response to mean daily temperature was steepest at high mean daily temperature and high mean cumulative daily light intensity, and the response to mean cumulative daily light intensity was steepest at low mean cumulative daily light intensity and low mean daily temperature (Fig. 4) . Figure 4 shows that MFW was a curvilinear function of mean daily temperature at any given mean cumulative daily light intensity and a curvilinear function of mean cumulative daily light intensity at any given mean daily temperatures. There was a curvilinear increase in MFW with mean daily temperature up to 22.5°C at the lowest mean cumulative daily light intensity and %16°C at the highest cumulative daily mean cumulative daily light intensity and a decline at higher mean daily temperatures at all mean cumulative daily light intensities. At the lowest mean cumulative daily light intensity, MFW increased with mean daily temperature up to 22.5°C and declined thereafter. The highest MFW, 93 g, was obtained at %16°C with the highest mean cumulative daily light intensity, whereas the lowest MFW, 42 g, was obtained at the lowest mean cumulative daily light intensity and mean daily temperature. Higher mean cumulative daily light intensities also resulted in higher mean fruit weight (P < 0.01). High mean cumulative daily light intensities were reported to result in higher fruit weight in tomato than lower ones (DeKoning, 1994; Dorais et al., 1991; Pearson, 1992) . Others reported curvilinear relationships between final fruit weight of tomato and temperature (Atherton and Harris, 1986; Cockshull et al., 1992; DeKoning, 1994; Gent, 1988; Pearson, 1992) reported that there was a curvilinear relationship between final fruit weight in tomato and mean daily temperature. They also reported that different plant processes have different mean daily temperature optima and the interaction between these processes can also result in changed optima. All these results are in accordance with the results of mean fruit weight from the present study. On the other hand, potential fruit weight in tomato at maturity is determined by the sink size developed at fruit initiation and sink activity during fruit growth (DeKoning, 1994 se½20:47** ½2:39*** ½0:013** ½0:006*** ½0:26*** r 2 ¼ 0:94*** ð**: P < 0:01; ***: P < 0:001Þ:
FGP was most responsive to low mean daily temperature, increasing rapidly from a minimum of %40 d at 22 to 25°C to a maximum of 115 d at 11°C. At any given mean daily temperature, this period decreased by %15 d as mean cumulative daily light intensity increased from 2 to 8 MJÁm -2
Ád
-1 (Fig. 5 ). Figure 5 shows that FGP declined curvilinearly as mean cumulative daily light intensity increased from the lowest to the highest point at all mean daily temperatures examined in the present study. FGP also declined curvilinearly as mean daily temperature increased at any given mean cumulative daily light intensity. Pearson (1992) , Cockshull et al. (1992) , and DeKoning (1994) stated a linear relationship between fruit development in tomato and mean cumulative daily light intensity. Nothmann (1986) reported that low mean daily temperatures cause slow fruit development in eggplant from the same family as the tomato. It was also reported that for plants such as tomato and pepper (Capsicum annuum L.), fruit development rate increases with increasing mean daily temperatures and fruit growth period decreases accordingly (Atherton and Harris, 1986; DeKoning, 1994; Gent, 1988) . Moreover, Bakker (1990) reported that the average fruit maturation period of eggplant in fall was 4 weeks, %1 week shorter than during spring as a result of higher mean daily temperatures. In addition, fruit growth rate was reported to be influenced by mean daily temperature affecting the rates of respiration and starch synthesis in the fruit and changing assimilate import by fruit mean daily temperature (Ho and Hewitt, 1986; Marcelis and Heuvelink, 1999 se½21:01*** ½12:14*** ½1:04*** ½0:82*** ½0:02*** r 2 ¼ 0:93*** ð***: P < 0:001Þ:
It can also be seen from Eq.
[6] that mean daily temperature and mean cumulative daily light intensity were curvilinearly related to FPR. There was a significant statistical interaction between mean daily temperature and mean cumulative daily light intensity on FPR. Mean daily temperature had a significant effect (P < 0.01) on FPR. Higher mean daily temperatures up to an optimum resulted in higher FPR at any given mean cumulative daily light intensity. This increase was sharper at lower mean cumulative daily light intensity (Fig. 6 ). For the plants grown with the lowest mean cumulative daily light intensity, FPR increased with increasing mean daily temperature up to 25.0°C and declined thereafter (Fig. 6) . A similar but steeper increase was observed for the plants grown with the highest mean cumulative daily light intensity with increasing mean daily temperature up to 22.0°C and declined as mean daily temperature increased beyond that point. However, the decline in FPR was sharper at higher mean cumulative daily light intensities than it was at lower ones. Optimum mean daily temperatures for FPR declined as mean cumulative daily light intensity rose such as optimum mean daily temperature for FPR was 25.0°C at the lowest mean cumulative daily light intensity, whereas it was 22.0°C at the highest mean cumulative daily light intensity. There was a clear slight curvilinear increase in FPR with increasing mean cumulative daily light intensity at the mean daily temperatures above 11°C. The combination of 22.0°C and the highest mean cumulative daily light intensity gave the highest FPR. The lowest FPR was obtained from the plants grown with a combination of the lowest mean cumulative daily light intensity and the lowest mean daily temperature. The total yield of tomato was also reported to increase with mean cumulative daily light intensity (Dorais et al., 1991) . Cockshull et al. (1992) also indicated a relationship between mean cumulative daily light intensity and yield of tomato. They found that a 1% increase in mean cumulative daily light intensity throughout the growing season produced approximately a 1% increase in yield for the mean cumulative daily light intensities under saturating mean cumulative daily light intensity for photosynthesis and that increased yield was determined largely by an increase in mean fruit size. In addition, Fitter and Hay (1987) stated that one of the most important determinants of plant yield is the duration of crop growth. The longer the crop duration, the more mean cumulative daily light intensity energy is intercepted and therefore the more yield components could be produced. In parallel with this view, it was reported that higher mean daily temperatures generally reduce crop yields. This is because increasing mean daily temperatures generally shortens the duration for growth relatively more than it increases the rate of growth (Atherton and Harris, 1986; DeKoning, 1994; Ellis et al., 1990; Fitter and Hay, 1987; Heuvelink and Bertin, 1994; Monteith, 1981) . In the present study, it was found that higher fruit production rate in tomato was mostly the result of increased MFW and decreased fruit growth period at optimum mean daily temperature and mean cumulative daily light intensities. Therefore, these explanations are in parallel with the results of the present study.
In conclusion, it can be said that the relationships produced in this study can be incorporated into the climate control and fertigation programs of greenhouse tomatoes. Further experimental and commercial validation of the equations produced in this study is needed, especially with the crop grown under a light environment that is higher than those used in this study. Further applications of the equations from the present study could be through integration into crop models for computerized climate control in greenhouses. Clearly, this is the ultimate goal of many researchers, software developers, and growers, and the data gathered in this study may partially contribute to this end, especially because it covers fruiting responses of tomato over such a substantial range of environmental conditions.
